ABSTRACT Aims/Introduction: Uncoupling protein 2 (UCP2), which was an important mitochondrial inner membrane protein associated with glucose and lipid metabolism, widely expresses in all kinds of tissues including hepatocytes. The present study aimed to explore the impact of UCP2 deficiency on glucose and lipid metabolism, insulin sensitivity and its effect on the liver-associated signaling pathway by expression profiling analysis. Materials and Methods: Four-week-old male UCP2-/-mice and UCP2+/+ mice were randomly assigned to four groups: UCP2-/-on a high-fat diet, UCP2-/-on a normal chow diet, UCP2+/+ on a high-fat diet and UCP2+/+ on a normal chow diet. The differentially expressed genes in the four groups on the 16th week were identified by Affymetrix gene array. Results: The results of intraperitoneal glucose tolerance test and insulin tolerance showed that blood glucose and b-cell function were improved in the UCP2-/-group on high-fat diet. Enhanced insulin sensitivity was observed in the UCP2-/-group. The differentially expressed genes were mapped to 23 pathways (P < 0.05). We concentrated on the 'peroxisome proliferator-activated receptor (PPAR) signaling pathway' (P = 3.19 9 10 -11 ), because it is closely associated with the regulation of glucose and lipid profiles. In the PPAR signaling pathway, seven genes (PPARc, Dbi, Acsl3, Lpl, Me1, Scd1, Fads2) in the UCP2-/-mice were significantly upregulated. Conclusions: The present study used gene arrays to show that activity of the PPAR signaling pathway involved in the improvement of glucose and lipid metabolism in the liver of UCP2-deficient mice on a long-term high-fat diet. The upregulation of genes in the PPAR signaling pathway could explain our finding that UCP2 deficiency ameliorated insulin sensitivity. The manipulation of UCP2 protein expression could represent a new strategy for the prevention and treatment of diabetes.
INTRODUCTION
Islet b-cell dysfunction and insulin resistance are two major pathophysiological mechanisms in type 2 diabetes mellitus sensitivity, and long-term excessive fatty acid intake could result in b-cell dysfunction and a relative lack of insulin secretion, leading to the development of type 2 diabetes 3 . Uncoupling protein 2 (UCP2), which is a member of the mitochondrial inner membrane carrier family, is expressed widely in a number of tissues and cell types 4 , including islet bcells and hepatocytes 5, 6 . The effects of UCP2 on proton leakage and the decline in adenosine triphosphate (ATP) synthesis in islet b-cells is involved in glucose-stimulated insulin secretion. Increased levels of glucose induce an increase in the ATP/adenosine diphosphate ratio in the mitochondria, which inhibits ATP-sensitive potassium (K ATP ) channels, leading to plasma membrane depolarization and an increase in insulin secretion [7] [8] [9] , the expression of UCP2 could decrease the ATP synthesis and result in the decline of insulin secretion. The effects of UCP2 on proton leakage and the decline in ATP synthesis in b-cells show that this protein is a negative regulator of insulin secretion [5] [6] [7] . The liver is of great importance in the regulation of glucose and lipid metabolism, including insulin sensitivity. Though UCP2 level is very low in hepatocytes in the normal state, it significantly increases in a high-fat diet-fed state 10 . Many studies have shown the effect of UCP2 on islet b-cells insulin secretion 5, [10] [11] [12] ; however, more studies are required to further investigate the influence of UCP2 deficiency on the changes of the glucose and lipid metabolism-associated signaling pathways, and the expression of the related genes in the liver. The present study aimed to assess the impact of UCP2 deficiency on the liver-associated glucose and lipid metabolism, and insulin sensitivity to explore the underlying signaling pathway through expression profiling analysis.
MATERIALS AND METHODS

Animals
The animal care and use committee of the Peking Union Medical College Hospital (Beijing, China, MC-07-6004, 3 May 2013) approved all the procedures. All the operations involving animals were carried out according to the Guide for the Care and Use of Laboratory Animals. Four-week-old male UCP2-/-mice with C57BL/6 backgrounds and the control UCP2+/+ mice with the same C57BL/6 backgrounds (UCP2-/-mice and UCP2+/+ mice were littermates from crossing between -males and -female) were obtained from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences and Peking Union Medical College (the institute acquired UCP2-/-mice from the Jackson Laboratory in 2011). All mice were housed (5 mice/cage) in an air-conditioned room at 22 -2°C under controlled ambient conditions and a 12-h light/12-h dark cycle. After arrival and 1 week of acclimatization, UCP2-/-mice and UCP2+/+ mice were randomly assigned to four groups as follows: UCP2-/-mice on a high-fat diet (n = 10), UCP2-/-mice on a normal chow diet (n = 10), UCP2+/+ mice on a high-fat diet (n = 10) and UCP2+/+ mice on a normal chow diet (n = 10). The high-fat diet contained the following (kcal%): fat (lard) 58%, carbohydrate 25.6%, protein 16.4% and the energy density was 23.4 kJ/g. The normal chow diet contained the following (kcal%): 11.4% fat, 62.8% carbohydrate and 25.8% protein, and the energy density was 12.6 kJ/g. Drinking water and food were supplied ad libitum for 16 weeks. Bodyweight and fasting blood glucose (FBG) were measured every 4 weeks. FBG was measured with a Glucometer Elite (Optium Xeed; Abbott, Oxon, UK) using blood from the tail vein.
Laboratory evaluation
At baseline and week 16, the fasting serum insulin concentration was measured using an ELISA kit (EZRMI-13K; Millipore, St. Charles, MO, USA). The serum total cholesterol, triglyceride and free fatty acid concentrations were measured with a Beckman CX4 automatic biochemical analyzer (Beckman Coulter, Inc., Brea, CA, USA; intra-assay CV <3%).
Intraperitoneal glucose tolerance test and insulin tolerance test
At the 16th week, after an overnight fast, mice were intraperitoneally injected with 1.5 g/kg of glucose (time 0). Blood glucose 
Acsl3, acyl-CoA synthetase long-chain family member 3; Dbi, diazepam binding inhibitor; Fads2, fatty acid desaturase 2; Lpl, lipoprotein lipase; Me1, malic enzyme 1; PPARa, peroxisome proliferator-activated receptor alpha; PPARd, peroxisome proliferator-activated receptor delta; PPARc, peroxisome proliferator-activated receptor gamma; Scd1, stearoyl-CoA desaturase 1.
levels were assessed at 0, 15, 30, 60 and 120 min for the intraperitoneal glucose tolerance test (IPGTT; n = 10 per group). After 4 days, after 6 h without food, the mice were injected with 0.75 U/kg of insulin, i. , the insulin sensitivity index (Si = 1/G 0 9 I 0 ) and the disposition index (AIRg 9 Si).
Histopathological evaluation
Liver samples were prepared for oil red O staining and were immersion-fixed overnight in 10% formalin (v/v) at 4°C. The tissues were then routinely processed for paraffin embedding, and 5-lm sections mounted on glass slides were processed for hematoxylin-eosin staining (n = 10 per group). All the histopathological findings were scored by experienced pathologists (n = 10 per group), who were unaware of the genetic backgrounds and diets of the mice. The level of steatosis was scored according to the NASH/NAFLD Clinical Research Network scoring system definitions and scores 13 .
Ribonucleic acid preparation and gene array experiments
At the 16th week, liver tissues from the four groups were obtained to carry out the array experiments (n = 3 per group). Total ribonucleic acid (RNA) from the liver tissues was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified with an RNeasy Mini Kit (Qiagen, Hilden, Germany). The concentration and purity of the total RNA were assessed with an Agilent 2100 Bioanalyzer. Complementary deoxyribonucleic acid was synthesized from the total RNA using a reverse transcriptase synthesis system (Superscript II; Invitrogen). The gene expression profiles in the mouse liver tissues were determined using genome-wide gene expression arrays. Each group contained three biological replicates to obtain a relatively reliable estimate of the mean gene expression. Therefore, a total of 12 gene arrays were analyzed. The samples were processed following Affymetrix recommendations, Figure 1 | Fasting blood glucose was measured every 4 weeks and was found to significantly differ in the uncoupling protein 2 (UCP2)-/-group on the high-fat diet compared with the UCP2+/+ group on the high-fat diet. There was no significant difference in fasting blood glucose between the UCP2-/-group on the high-fat diet vs the normal chow diet group. **P < 0.01. and the complementary deoxyribonucleic acid was hybridized to an Affymetrix Mouse Gene ST 1.0 array (Affymetrix, Santa Clara, CA, USA). The signals were averaged for the liver tissues from the highfat diet and normal chow diet groups, and fold changes were calculated based on the average values from each group. The differentially expressed genes between the UCP2-/-groups and UCP2+/+ groups defined as: (the differentially expressed genes between UCP2-/-group on high-fat diet and UCP2-/-group on normal diet) -(the differentially expressed genes between UCP2+/+ group on high-fat diet and UCP2+/+ group on normal diet). Genes were selected as significant using a combined criterion for true positive expression differences of a fold change >1.5 and a P-value <0.05. Cluster analyses were carried out using g-plots R package (O'Reilly media, Sebastopol, CA, USA). To identify the biological significance of the group of genes with changed expression, the subset of genes that met the aforementioned criteria was analyzed using the Gene Ontology (GO) classification system, and the Kyoto Encyclopedia of Genes and Genomes pathway database. Fisher's exact test was used to assess the significance of the GO classification and pathway analysis results, and only GO terms with a P < 0.01 were considered enriched. The threshold of significance for the pathway analysis was set to P < 0.05. Quantitative reverse transcription polymerase chain reaction experiment To validate the array results, seven upregulated genes (listed in Table 1 ) in the peroxisome proliferator-activated receptor (PPAR) signaling pathway were selected for quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis of the samples in the four groups (n = 10 per group). Furthermore, we investigated the expression of an additional two PPAR isoforms, PPARa and PPARd, in the four groups (n = 10 per group). The RT-qPCR experimental protocol has been previously described 14 . The sequences of the primers used are listed in Table 1 .
Statistical analysis SPSS 17.0 software (SPSS, Chicago, IL, USA) was used for statistical analysis. The data were normally distributed and were expressed as the mean -standard deviation. Statistical analyses were carried out with ANOVA followed by Student's t-test. The random variance model t-test was applied to filter the differentially expressed genes in the control and experimental groups. A P-value <0.05 showed statistical significance.
RESULTS
UCP2 deficiency improved blood glucose by simultaneously regulating islet b-cell function and insulin sensitivity At baseline, there were no significant differences in FBG or fasting serum insulin between the UCP2-/-and UCP2+/+ mice ( Table 2) . At 4, 8, 12 and 16 weeks, the FBG in the UCP2-/-group was lower than that in the UCP2+/+ group on the high-fat diet, and there was no significant difference in FBG between the UCP2-/-group on the high-fat diet vs the normal chow diet groups (Figure 1 ). In the 16th week of highfat diet intake, the serum fasting insulin concentration in the UCP2-/-group on the high-fat diet was higher (Table 3) .
On the 16th week of the high-fat diet treatment, a 2-h IPGTT was carried out to investigate the response to an exogenous glucose load, and a 90-min ITT was carried out to explore sensitivity to exogenously administered insulin. The blood glucose of the UCP2+/+ group and the UCP2-/-group on the high-fat diet were significantly higher at 15, 30 and 60 min compared with these groups on the normal diet after intraperitoneal glucose administration (Figure 2a) , the AUC in the high-fat diet groups was also higher than that in the normal diet groups (Figure 2b ). In the high-fat diet groups, the blood glucose levels of the UCP2+/+ group were significantly higher at 0, 15, 30 and 60 min compared with the UCP2-/-group after intraperitoneal glucose administration (Figure 2a) , and the AUC of the UCP2+/+ group was significantly higher than that of the UCP2-/-group (Figure 2b) . The serum insulin levels of the UCP2-/-group on the high-fat diet were significantly higher at 0, 15 and 30 min compared with the UCP2+/+ group on the high-fat diet after intraperitoneal glucose administration, there was no significant difference in the serum insulin levels between the UCP2+/+ group on the highfat diet and the normal chow diet groups (Figure 2c ), and the AUC of the UCP2-/-group on the high-fat diet was significantly higher than that of other three groups (Figure 2d) . Furthermore, the ITT showed that the blood glucose levels of the UCP2+/+ group on the high-fat group were significantly higher at 15 and 60 min ( Figure 2e ) compared with the other three groups, the AUC in the UCP2+/+ group on the high-fat group was higher than the other three groups (Figure 2f) . The b-cell function and insulin sensitivity index including AIRg, Si and disposition index in these four groups are listed in Table 3 . The AIRg, Si and disposition index were higher in the UCP2-/-group compared with that in UCP2+/+ group after 16 weeks on the high-fat diet.
UCP2 deficiency improved lipid profiles
On the 16th week of the high-fat diet treatment, the serum total cholesterol, triglyceride and free fatty acid concentrations were significantly higher in the high-fat diet groups than that in the normal chow diet groups. The serum total cholesterol, triglyceride and free fatty acid concentrations were significantly lower in the UCP2-/-group on the high-fat diet than in the UCP2+/+ group on the high-fat diet (Figure 3 ). In the 16th week of the high-fat diet treatment, the liver hematoxylin-eosin staining and oil red O staining showed that the hepatocytes in the UCP2+/+ group (Figure 4b,c) and UCP2-/-group (Figure 4e,f) had mild to moderate steatosis. Hepatocyte steatosis scores were significantly higher in the UCP2+/+ group on the high-fat diet than in the UCP2-/-group on the high-fat diet (Figure 4g ).
UCP2 deficiency regulated gene expression in response to a high-fat diet
The differentially expressed genes between the UCP2-/-group and UCP2+/+ group were identified (the differentially expressed genes between the UCP2-/-groups and UCP2+/+ groups defined as: [the differentially expressed genes between UCP2-/-group on high-fat diet and UCP2-/-group on normal diet] -[the differentially expressed genes between UCP2+/+ group on the high-fat diet and UCP2+/+ group on the normal diet]). There were 194 differentially expressed genes identified in the liver tissues. Among them, 144 genes (74.2%) were expressed at increased levels, and 50 (25.8%) were expressed at decreased levels. Hierarchical clustering based on similarities in gene expression using all of the differentially expressed genes highlighted the differences in the transcriptional profiles between the UCP2-/-groups and UCP2+/+ groups (Figure 5a-c) . A total of 79 GO categories were identified for the differentially expressed genes in the UCP2-/-group (Table 4 ; list of top 10 GO categories) in addition to 23 Kyoto Encyclopedia of Genes and Genomes pathways (P < 0.05, Table 5 ).
The top enriched Kyoto Encyclopedia of Genes and Genomes pathway was identified to be 'Drug metabolismcytochrome P450' (P = 6.92 9 10
-16
). The second and third most enriched pathways were 'Chemical carcinogenesis' (P = 2.21 9 10 -12
) and 'Metabolism of xenobiotics by cytochrome P450' (P = 2.44 9 10 -12 ), respectively. The fourth most abundant pathway was the 'PPAR signaling pathway' ). The other pathways are listed in Table 5 . We concentrated on the 'PPAR signaling pathway,' because it is closely associated with the regulation of glucose and lipid profiles. In this pathway, seven genes were significantly upregulated according to the gene array, including PPARc (peroxisome proliferator-activated receptor gamma), Dbi (diazepam binding inhibitor), Acsl3 (acyl-CoA synthetase long-chain family member 3), Lpl (lipoprotein lipase), Me1 (malic enzyme 1), Scd1 (stearoyl-CoA desaturase 1) and Fads2 (fatty acid desaturase 2). The expression ratios were presented as the log 2 (fold change; Figure 5b ).
Hepatic gene expression in the PPAR signaling pathway for validation of array analysis
We used RT-qPCR to verify the results of the gene array. Seven genes (PPARc, Dbi, Acsl3, Lpl, Me1, Scd1 and Fads2) in the PPAR signaling pathway were upregulated according to the RT-qPCR assay, which was consistent with the gene array. UCP2 messenger RNA (mRNA) levels were significantly higher in UCP2+/+ group on the high-fat diet than that on the normal diet (fold change 2.1 -0.11, P < 0.01). Furthermore, we investigated the expression of other PPAR isoforms, PPARa and PPATd, to explain the regulation of the PPAR pathway in the liver. The gene array and RT-qPCR showed that the expression levels of these isoforms were not significantly different between UCP2-/-group and UCP2+/+ group ( Table 6 ).
The expression of PPARc, PPARa and PPARd were not significantly different between the UCP2-/-group and UCP2+/+ group on the normal diet.
DISCUSSION
Hyperglycemia caused by a long-term high-fat diet could be due to insufficient insulin secretion, decreased insulin sensitivity or some combination of both 3 . In the present study, we found that blood glucose and b-cell function were better in UCP2-/-mice compared with the UCP2+/+ group on a long-term highfat diet. Furthermore, enhanced insulin sensitivity was observed in the UCP2 -/-mice. The results were in accordance with the previous study 15 . The previous study also raised the question that although UCP2-/-mice had markedly elevated serum insulin levels, whether they could easily develop insulin resistance was still controversial. It has been reported that UCP2-deficient ob/ob mice show improved blood glucose mainly as a result of improvements in b-cell function and not enhanced insulin sensitivity 7 . These results suggest the importance of genetic background when analyzing the role of UCP2 16 . In the present study, UCP2 deficiency improved blood glucose by simultaneously promoting b-cell function and insulin sensitivity. The improved blood lipid profiles probably promoted insulin sensitivity in the UCP2-/-mice to some extent.
In our gene array research, we investigated the influence of UCP2 deficiency on the liver, the changes of related signaling pathways and gene expression. The differentially expressed genes between the UCP2-/-and UCP2+/+ group were mapped to 23 pathways. The fourth most significant pathway was the PPAR signaling pathway, which is closely related to insulin sensitivity and is involved in glucose and lipid metabolism 17, 18 . PPAR agonists play an important role in the treatment of obesity-induced type 2 diabetes 19, 20 . The present study used gene arrays to show that the PPAR signaling pathway is involved in the improvement of glucose and lipid metabolism in the liver tissues of UCP2-deficient mice on a long-term high-fat diet.
The liver is the organ in which expression of UCP2 is low in basal conditions, and it mainly highly expresses in Kupffer cells 21 . However, in situations of metabolic stress, like on a long-term high fat diet, UCP2 expression is induced in the liver, and enhanced expression appears mainly in hepatocytes 22 . PPARs play pivotal roles in the control of the transcription of UCP2 17, 23, 24 . PPARs have three isoforms, including PPARa, PPARd and PPARc. PPARc is a regulator of lipid and glucose metabolism, and therefore its synthetic ligands such as glitazone -the derivatives of thiazolidinediones (e.g., troglitazone, rosiglitazone and pioglitazone) -improve insulin and glucose parameters, and increase whole body insulin sensitivity. These PPARc synthetic ligands could indirectly increase insulin-stimulated glucose uptake in adipocytes, skeletal muscle cells and hepatocytes 17, 25, 26 . The present study found the UCP2-deficient mice fed a long-term high-fat diet had better insulin sensitivity, improved lipid metabolism and upregulated expression of PPARc in the PPAR signaling pathway, which suggested the ameliorated lipid metabolism and insulin sensitivity in UCP2 deficient mice probably through PPARc. It has been suggested that fatty acids might be key factors determining the control of UCP2 expression in the liver 27 . Excessive fatty acids intake could enhance UCP2 gene expression through PPARs 16 . In cultured hepatocytes, regulation of UCP2 gene expression is induced through PPARc 23 . Although PPARc is largely present in adipose tissues, and is expressed at very low levels in the liver under basal conditions, its levels are increased after consumption of a high-fat diet 23, 28 . Although PPARa plays a major role in the regulation of UCP2 expression in the liver under physiological conditions, PPARc is highly expressed in the livers of PPARa-null mice fed a high-fat diet, and it is associated with the induction of UCP2 gene expression 23 . The adenoviralinduced overexpression of PPARc in the livers of PPARa-null mice could lead to the decreased expression of UCP2 27 . According to these previous studies on the effects of high-fat diet consumption, the expression of PPARd also increases in the liver 29 ; therefore, it has been speculated that PPARc and PPARd might have functions in the livers of mice fed a highfat diet. The present study found that the expression of PPARc significantly increased in the livers of the UCP2-/-mice fed a long-term high-fat diet, whereas the expression of PPARa and PPARd was unaltered. Furthermore, in the UCP2+/+ groups where PPAR isoforms were unaltered, UCP2 significantly increased in the high-fat diet group. All these indicate that the deficiency of UCP2 probably has an effect on PPARc. It was most likely that among PPAR isoforms, PPARc was the major regulator of UCP2 in the liver under these conditions. In summary, the present study suggested that in the mice fed a long-term high-fat diet, UCP2 deficiency led to the amelioration of lipid metabolism, and improved blood glucose by simultaneously promoting insulin sensitivity and b-cell function. The manifestation combined with the gene array assay showed that UCP2 in the liver regulates hepatic gene expression including the PPAR signaling pathway through a feedback way; in the liver, the PPAR signaling pathway played important roles in hepatic glucose and lipid metabolism in the UCP2-deficient mice. The manipulation of UCP2 protein expression could represent a new strategy for the prevention and treatment of diabetes.
